One of the most remarkable observations in developmental neuroscience is the plasticity of the developing brain. Although recent findings suggest that the developing brain possesses substantial compensatory potential, the mechanisms of reorganization and its limitations remain largely unknown. This review includes studies elucidating the complexities of brain reorganization in response to early brain injury. It describes the factors influencing the pattern and degree of brain plasticity, provides insight into the patterns of reorganization in different brain systems and offers guidelines for clinicians in the field of neurorehabilitation. This knowledge is crucial in clinical work when designing the appropriate type and timing of interventions for children with early brain injuries.
have ignored the possibility that brain injury will have different consequences at different developmental stages.
Despite the evidence that the developing brain has a capacity for neural restitution via neural regrowth or anatomical reorganization [13, 16] , there is ongoing controversy as to the implications of these processes. Full recovery may be limited by inappropriately established connections [16] resulting in dysfunctional behaviour, or by a "crowding effect" [17] where the functions of damaged tissue are diverted or 
factors influencing brain plasticity
The ability of the developing brain to reorganize after injury involves a complex interplay among various factors within a biopsychosocial context [19] . 
Extent and topography of lesions
Current findings suggest that extent and location of brain injury are likely to predict severity of residual impairment [21] [22] [23] . [30, 31] . Consistent with existing literature [32, 33] , Westmaccott and colleagues [34] found that combined cortical and subcortical lesions were more detrimental to cognitive outcome than injury affecting either cortical or subcortical tissue alone. This effect remained significant even after the authors factored in the contribution of lesion size.
Concerning motor outcome, Holmström and associates [35] found that the extent and 
Timing of early brain injury
The developmental stage of the child at the time of injury is a dimension with major controversy regarding its potential impact on functional outcomes. At the core of this debate is the "plasticity" versus "early vulnerability" theories which dispute whether the immature brain has a greater capacity for recovery than the mature brain.
In order to study the impact of age at injury, it is necessary to compare outcomes associated with brain injury sustained at different time points. This is particularly essential for skills which demonstrate developmental trajectories across timeframes [33] . Thus, most studies which have examined the impact of age at brain injury have focused on cognitive outcomes.
Findings have been inconsistent, likely due to within-study and between-study heterogeneity in terms of etiology, age at assessment, lesion size and location, the specific cognitive skill in question and the cognitive measures used [34] .
Some authors have found that the first two years of life to be the period of highest vulnerability [36] , others have found the poorest outcome to be when lesions occur between 1 month and 5 years of age [37] , and still others have found no clear relationship between age at injury and cognitive outcome [32] . These contradictions suggest that multiple factors interact with the patient's age at the time of brain injury on cognitive outcomes, leading to the assumption that developmental plasticity may not be understood along the sole dimension of age and that age serves as a moderator but not as a predictor of outcome [21] .
In the largest study of cognitive outcomes following pediatric brain injury, Westmacott and colleagues [34] found that an earlier age at the time of injury was associated with weaker cognitive performance overall, but the relationship was modulated by lesion size. Subcortical lesions (basal ganglia and/ or thalamus) in the perinatal period appear to be particularly detrimental to future cognitive outcomes. Children in whom subcortical injury occurred before the age of 28 days performed significantly more poorly than children in whom a similar stroke occurred later on in life.
In the case of cortical injury, they found that the period of greatest vulnerability appears to be between 1 month and 5 years of age. Cortical injury during this period was associated with significantly weaker cognitive skills than when compared with earlier or later cortical injury.
These findings show that there is an earlier period of peak vulnerability for subcortical than for cortical injuries, indicating that vulnerability is dependent upon lesion location. As subcortical structures are developing earlier than cortical structures [38] , these results are in concordance with the notion that developmental "windows" with an increased intensity of events are vulnerable periods [39] .
Finally, combined cortical-subcortical injury was associated with weak performance on all cognitive measures, regardless of age at injury. It can be proposed that the relationship between age at injury and cognitve outcomes is non-linear and modulated by variables such as lesion type, lesion location and the specific cognitive skills in question [40] . findings were confirmed in a study by Feys [43] .
Therefore, while timing of early brain injury determines the nature of impairment; the extent and location of injury are likely to predict its severity [23] .
reorganization of cerebral systems
Highly 
Motor system
The motor cortex and/or corticospinal tract is a common site of brain injury in the prenatal and perinatal period [50] . Lesions at such an early stage may lead to substantial reorganization of the corticospinal system during subsequent development [51, 52] . Functionally, such patients typically show none or only few somatosensory deficits which is in contrast to the marked motor dysfunction [64] . Patients display so-called "hemispheric dissociation" [54] between a contralaterally preserved primary somatosensory (S1) and an ipsilaterally reorganized primary motor (M1)
representation of the paretic hand. As intrahemispheric interconnections between primary sensory and motor cortex are considered crucial for the quality of motor performance and for the degree of recovery following focal lesions [65] , this should be considered during the planning of interventional strategies.
Language
In terms of language, it is now accepted that emerge later on in development [72, 73] .
Such right-hemispheric language networks lead to deficits in visuospatial and visuoconstructive functions [74] . This is known as the crowding effect, a term first described by Teuber [75] in adults with brain injury and later by Carlsson and colleagues [76] trimester), they cannot easily be compensated [77] . As the gestational age associated with highest incidence of PVL coincides with the peak of subplate development [79] , this lack of compensation is expected. Namely, it is known that subplate neurons are required for normal visual cortical development.
Cognition
Hebb [14] concluded that for cognitive skills, early brain injury may be more detrimental than late brain injury; while cognitive development 
implications for rehabilitation
Because of enhanced plasticity mechanisms, the developing brain is under the strong influence of the environment, and the structure of certain brain circuits can change in response to environmental stimuli [53] . The idea that experience might modify the organization of neural circuits is at the core of Hebb's neuropsychological theory on the organization of behaviour [15] . Hebb states that the structure of cortical neurons is influenced by various types of sensorimotor experience.
Activity-dependent mechanisms which are at the core of developmental interventional strategies, may have a significant impact on the degree of functional recovery [84] .
Environmental enrichment holds the promise of being extremely valuable in neuroscience rehabilitation [85] . Prolonged in vivo imaging of neurons in rodent cerebral cortex indicates that sensory experience drives the continuous sprouting and retraction of synapses located on dendritic spines to remodel neural circuits [86] .
Similar mechanisms are probably responsible for enhanced excitability in cerebral cortex that has been documented following short periods of motor skill training using the hands or lower legs [87] . Kolb and Gibb [31] also summarized that interventions of complex housing and tactile stimulation experiences soon after early lesions in rats, generally led to improved behavioural outcomes correlated with selective anatomical measures.
There is a general correlation between behavioral development and temporal periods of dynamic change in synaptic number in specific cortical regions [5] . It is widely accepted that placing a patch over an eye with good vision to reverse unilateral amblyopia, related to strabismus, is less effective after 12 years of age. This is the same time when the number of synapses in the occipital lobes is rapidly declining [88] . This suggests that for the acquisition of certain skills, there is a window of therapeutic opportunity, which needs to be timely recognized for achieving functional recovery.
Sensory input augmentation and somatosensory training have been utilized by therapists with the belief that these interventions promote plasticity and recovery.
Scientific evidence from animal models has shown that representation within the somatosensory cortex are use-dependent [89, 90] . With this in mind, it should be supposed that children with brain injuries may be able to improve their somatosensory responsiveness and organization via appropriately implemented interventions.
These neurophysiological changes might lead to the enhancement of motor control and improved ability to learn new motor skills [91] .
These interventions can enhance recovery if they are designed to take advantage of the brain's intrinsic plasticity mechanisms.
Nevertheless, the efficacy of an intervention is dependent on a number of factors, including age at the time of injury, size and topography of the brain lesion, maturational state of the brain, the integrity of brain areas surrounding the lesion, and the presence and duration of other medical problems [92] [93] [94] [95] . When considering the timing and type of intervention, the ontogenetic neural timetable [96, 97] and the developmental window for a certain neural system [98] should be consulted (Figure 2 
conclusion
There is a great capacity for functional [48] . Thus, children with early injuries may "grow into" their cognitive, linguistic and behavioral deficits as the injured brain matures [19, 101] . It is therefore crucial for clinicans to observe these children at later stages of development to ensure any lateemerging deficits are detected.
Finally, there is a question of the functional significance of cortical plasticity. It is evident that recovery after injury involves a reorganization of the brain; however, the structural and functional changes that follow an injury may not necessarily prove to be adaptive, but instead may be disruptive to normal development [19] . As a consequence, plasticity after injury may occur at a cost; that is, this reorganization process may "crowd" the development of later-developing skills.
future directions
Understanding the mechanisms responsible for brain plasticity and how they can be influenced to improve outcomes after brain injuries are areas of knowledge important for all neuroscience clinicians. An accurate structural and functional characterization of brain injury by neuroimaging techniques, would be highly valuable in defining optimal rehabilitation strategies [102] . This is particularly critical in the context of recent evidence that early experience (rehabilitation) has a strong influence on brain development [84] .
Future research should be aimed to identify the mechanisms underlying the inherent 
